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ABSTRACT

ARTICLE INFORMATION

In this research, the 80S bioactive glass with different Ca/P ratios was prepared by the sol-gel route. Scanning Article history:

electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive spectroscopy (EDS), Received 17 May 2020

X-ray diffraction (XRD), and Fourier transforms infrared spectroscopy (FTIR) were used to study the apatite Received in revised form 03 July 2020

structure and shape. According to the results, the 78Si02—17P20s-5Ca0 bioglass showed a higher rate of crys- Accepted 29 August 2020

talline hydroxyapatite (HA) on its surface in comparison with the other bioglasses. After 3 days of immersion in
the SBF solution, spherical apatite was formed on the 78Si02>—17P-0s-5Ca0 surface, which demonstrated high Keywords:

bioactivity. A statistically significant promotion in proliferation and differentiation of G292 osteoblastic cells was Bioactive glass

also observed. Regarding its optimal cell viability and bioactivity, the 78Si0>-17P-0s-5Ca0 bioactive glass could 80S

be offered as a promising candidate for bone tissue applications.
©2020 JCC Research Group.
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1. Introduction

As aresult of bone infections, cancer removal, an injury, or other dis-
ease, millions of people suffer from bone failure or loss annually. Bone
is able to repair itself when damages are minor, however, in the case of
pathological fractures or massive defects, it fails to regenerate [1, 2]. In
these cases, most common therapy techniques are permanent implants
or implantation of bone grafts. The main drawbacks of the commonly
applied methods in bone surgery include corrosion and cytotoxicity of
metallic objects, shortage of donors, wearing of synthetic materials, and
risk of infection in transplantation cases [3-6].

Glass materials play a significant role in permanent and biodegrad-
able implants [7, 8]. Due to their ability to form HA as the main mineral
of bone, BGs are suitable materials to be used for bone regeneration [9,
10]. They also can create a strong bond with both soft tissues and bone,
and hence their osteoconductivity has been proven [11-13]. BGs are par-

ticularly advantageous for repair and replacement of damaged bone in

* Corresponding author: Amir Modarresi Chahardehi, E-mail: amirmch@gmail.com

DOR: 20.1001.1.26765837.2020.2.4.1.3

tissue engineering, owing to their high bioactivity and biocompatibility
[14,15].

BGs mainly contain P,0,, SiO,, and CaO enabling a HA layer for-
mation on their surfaces. This layer improves the binding of BGs with
bones. SiO, is an important network forming constituent in the glass
structures [16]. Furthermore, it is able to promote the cell functions by
releasing Si ions into cell culture media, and nucleation of calcium phos-
phate phase is facilitated by P,O; on the glass surface [5, 6].

Since 1991 when a sol-gel method was developed for the synthesis
of bioactive glasses, various compositions of glass samples have been
produced by this technique at low temperatures [17-19]. Various bioac-
tive compositions can be prepared to achieve great degradation/resorp-
tion behavior and bone-bonding rates because of the high porosity and
surface area of the prepared sol-gel glasses_[20-22]. Using the sol-gel
processing routes for the production of BGs has been suggested by pre-
vious investigations and it has been reported that the production of novel
BGs with a variety of chemical compositions is possible [11, 23, 24].

Lin et al. [20] prepared 80SiO,~15CaO-5P,0; glass powders by the
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Fig. 1. TEM image the powders after the preparation by the sol-gel route.

sol-gel method. They found that mixing phosphoric acid (PA) with the
glass powders exhibited positive effects on the decrease of the dentin
penetration and occlusion of the dentinal tubule. Mixing 80S-BG with
appropriate PA demonstrated good operability and short reaction time,
which makes it feasible to occlude dentinal tubules.

This research aims to prepare 80S BGs with different Ca/P ratios via
a sol-gel method. Subsequently, the formation of the hydroxyapatite on
the surfaces of the bioactive glass is evaluated using the XRD, FTIR,
SEM, and EDX analyses. The potential of the samples in cell prolifera-
tion is also studied.

2. Materials and Methods
2.1. Materials

To synthesize the bioactive glasses, calcium nitrate tetrahydrate
(Ca(NO,), 4 H,0), Triethyl phosphate (TEP, (C,H,),PO,), and Tetraeth-
yl orthosilicate (TEOS, Si(OCH,CH,),) with high analytical grades were
used. All materials were obtained from Merck Company.

2.2. Synthesis of bioactive glass

The composition of the studied 80S-BGs were 78% Si0,-17% CaO-
5%P,0, (BG-5P), 78% SiO,-16% Ca0-6%P 0, (BG-6P), and 78% SiO,-
18% Ca0-4%P,0, (BG-4P) in mol.%. To synthesize the samples, TEP,
Ca(NO,),.4H,0, and TEOS were dissolved at room temperature. TEOS
was first mixed with nitric acid to obtain a diluted and clear solution.
Under constant stirring, calcium nitrate and TEP were then added to the
solution. The addition of reagents was carried out sequentially and the
time for the complete reaction of each reagent was 40 min. To form the
gel, the mixture was stored at room temperature for 9 days in closed
containers. Drying of the formed gel was conducted in two stages at 80
°C for 72 h and 130 °C for 24 h. In order to eliminate residual nitrate and
all organic substances, the dried material was heated to 750 °C for 2 h.

2.3. Bioactive glass Characterizations
2.3.1. TEM analysis

One of the applicable tools for the analysis of the nanomaterial mi-
crostructure is TEM. In this research, to study the obtained glass parti-
cles, TEM (CM200-FEG-Philips) with the acceleration voltage of 200
kV was employed. To observe the glass particles, the particles were de-
posited on Cu support grids from a dilute suspension in ethanol.

2.3.2. XRD analysis

The determination of the formed phases in BG and HA structures
was carried out by X-ray diffraction (INEL Equinox 3000) in 26 between
20° to 90° using the CuKa radiation. The characteristics of the analysis
were tube electric current=30 mA, tube voltage=40 kV, scanning speed
= 2°/min, and wavelength A=1.540510 A.
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Fig. 2. Change of pH during 21 days of soaking in SBF.
2.3.3. FTIR analysis

To evaluate the formation of hydroxyapatite, FTIR spectrometer
(Bomem MB 100) was employed to determine the functional groups
present in glass powders. The powders were blended with potassium
bromide (KBr) while the blending ration was 1:9. Using a hand press,
discs with the diameters less than 6 mm were produced from the blended
powders. Recording of FTIR wave numbers was performed in the range
of 4000 to 400 cm'.

2.3.4. MTT assay

To study the biocompatibility of BGs, the proliferation of G292
osteoblastic cells on the samples was studied by 3-(4, 5-dimethylthi-
azol-2-yl)-2, 5-diphenyltetrazolium bromide (MMT) assay. The cell line
was obtained from Pasteur Institute (the National Cell Bank of Iran).
Cell culture was performed under standard culturing conditions and the
cultured cells were maintained in 90% moisture for 24 h at 37 °C. A 96-
well plate was used for seeding the cells. The cultured osteoblastic cells
were seeded at a density of 6x10° cells/well and maintained for 1 day
for attachment. The related absorbance measurements were carried out
at a wavelength of 570 nm with a multi-well microplate reader (BioTek
Instruments). Three readings were done for each specimen.

2.3.5. Simulated body fluid (SBF)

One of the easiest methods for the biomineralization study of BGs is
the SBF test. It is also quick and cost-effective. This test can appropriate-
ly simulate the osteo-production conditions, which exist in osseous tis-
sue. Also, it is suitable for bioactivity investigation of materials and the
contributing bone-bonding mechanisms [5]. The ionic concentration and
composition of SBF are similar to human body plasma (Na,HPO,, Na-
,S0,, CaCl,, HCI, MgCl,, KCl, NaHCO,, NaCl, and (CH,0OH),(CNH),
as the buffering agent). The prepared solution buffered at 37 °C with 1 N
HCl solution and TRIS (trishydroxymethylaminomethane) at pH = 7.25.
The 80S bioactive glass powders were immersed in the prepared SBF at
37°C for 3,7, and 14 days. The concentration of the immersed powders
was 1.5 mg of powder per milliliter of the solution. The powders were
filtered and dried after the determined time.

2.3.6. SEM-EDS

SEM and EDS were employed for the evaluation of the composition
and morphology of the bioactive glasses before and after the bioactivity
tests. The reaction between the solution and bioglass powders resulting
in the surface evolution was studied. The acceleration voltage was 15 kV
and the samples were gold-coated before the analysis.
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Fig. 3. XRD patterns of BGs after soaking in SBF for 21 days.

3. Result and discussion
3.1. TEM analysis of as-prepared samples

Fig. 1 depicts the TEM image of the as-prepared powder of BG-5P.
The TEM image shows the formation of bioactive glass nanoparticles
with the irregular-round shape. The diameter of the nanoparticles is be-
tween 40 to 60 nm.

3.2. pH analysis

Fig. 2 illustrates the changes in the pH value of SBF during 21 days
of soaking. According to the literature, the pH evaluation of the SBF
solution after the immersion can determine the process of HA formation.
A similar trend was observed for all the samples. As seen, a remarkable
increase in pH occurred for the BG-5P after 7 days. It indicated that
cationic ions dissolved in the solution from the surface of BG. The silica
network of the glass was attacked by the solution at high pH. After 7
days of immersion, the pH started to decrease revealing the absorption
of calcium and phosphate ions from SBF. Therefore, it demonstrates the
increase in hydroxyapatite formation on the surface of BGs.

3.3. XRD analysis

After 21 days of soaking, the structure of BGs was studied by XRD
and the results are presented in Fig. 3. As illustrated, the peaks attributed
to the presence of crystalline HA were observed. The diffraction peaks
at 20 of 32° are related to the (211) plane of crystalline hydroxyapatite
confirming the formation of HA on the samples after 21 days of soaking
in SBF. Moreover, the intensity of this peak is higher in BG-5P in com-
parison with other samples indicating the higher tendency of BG-5P to
form hydroxyapatite on the glass surface. This might be due to the Ca/P

ration. In this bioglass, this ratio is 1.7, which is close to the Ca to P
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Fig. 5. FTIR spectra for bioactive glass powders after immersion in SBF.
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Fig. 4. XRD patterns of BG-5P after soaking in SBF for 3, 7, 14, and 21 days.

ratio in the structure of human bone. The similar intensity was observed
for BG-4P and BG-6P. Fig. 4 demonstrates the XRD patterns of BG-5P
after soaking in SBF for 3, 7, 14, and 21 days of immersion in the SBF
solution. As seen, the intensity of the peaks related to the formation of
crystalline HA increased with the soaking time showing that more hy-
droxyapatite crystals were formed on the samples’ surface.

3.4. FTIR analysis

Figs. 5 and 6 illustrate the FTIR spectra of the bioactive glasses after
14 days of immersion and Fig. 5 depicts the FTIR spectra of BG-5P
during 14 days. As shown, two peaks appeared at 1455 and 870 cm™
after 3 days. These peaks are related to carbonate (C—O stretching)
groups. The spectra of BG-4P, BG-5P, and BG-6P showed Si-O bending
vibration band at 476 cm™!, Si-O symmetric stretching band at 798 cm™,
Si-O-Si asymmetric stretching band at 1000-1250 cm™!, C-O group
asymmetric bending vibration band at 874 cm™ and C=0 asymmetric
stretching bands at 1652 cm™'. Peaks appeared at 568 and 602 cm™' show
the bending vibrations of P-O bonds related to the crystalline hydroxy-
apatite in all glass samples. The wavenumbers of 1056, 605, and 565
cm’ reveal P—O bending vibrations. Amorphous hydroxyapatite is pre-
sented by the broad bands around 1056 cm™ attributed to P-O bending
vibrations. The obtained results exhibit the HA growth on the surfaces
of the bioactive glasses. The intensity of the peaks is higher in BG-5P
revealing the higher amount of HA formation on the surface of the glass.
The spectra obtained from the glass in Fig. 6 exhibits that the amount of
HA increased by increasing the soaking time.

3.5. Morphology of HA

Fig. 7 illustrates SEM micrographs of the bioglass samples after 21
days of immersion. Full coverage of the surfaces with HA crystals can be
observed for all the samples after 21 days. The formation of HA on the
bioglasses was also confirmed by the FTIR and XRD analyses. Fig. 7a
shows the irregular shape of HA phase, while the hydroxyapatite crystals
on BG-5P had both irregular and spherical shapes. The HA layer on BG-
6P has mostly spherical shapes. The HA crystals show smaller size and

7 days
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Fig. 6. FTIR spectra of BG-5P after immersion in SBF.
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Fig. 7. FSEM images of the glass samples after immersion for 21 days; a) BG-4P,
b) BG-5P, ¢) BG-6P, and d) EDX analysis of BG-5P.
higher dispersity compared to other samples.
EDX analysis of BG-5P after immersion in SBF for 21 days is
demonstrated in Fig. 7d. It is confirmed that hydroxyapatite has been
successfully formed on the surface of BG-5P.

3.6. Cell viability

Fig. 8 shows the results of the viability test during 7 days. The results
indicated that not only the bioactive glass samples were not toxic but
also enhanced the cell growth. The cell growth increases by the cultur-
ing time for all the samples. However, the BG-5P exhibited higher cell
growth compared to the other BGs. This could be due to the optimal
Ca/P the sample close to the ratio of human bone. Various biological
processes, such as cellular chemotaxis, apoptosis, and differentiation
are regulated by extracellular calcium and a calcium-sensing receptor
(CaSR). Several studies have indicated that the stimulation of collagen
synthesis and proliferation is mostly related to Si contact. Thus, it could
be assumed that Si plays a significant role in stimulating angiogenesis,
while Ca just helps this process [25].

4. Conclusions

In this research, 80S bioactive glasses with different Ca/P ratios were
synthesized using the sol-gel route. The formation of the hydroxyapatite
layer was confirmed by the FTIR and XRD analyses after soaking in
SBF for all the samples. The results showed that the HA formation rate
of BG-5P was higher in comparison with the other two samples. This
might be due to the optimum Ca to P ratio close to the Ca to P ratio in
human bone composition. The SEM images illustrated the formation of
the hydroxyapatite layer on the surfaces of all bioglass samples after im-
mersion for 21 days. The results showed a denser layer with smaller size
crystals for BG-5P. Significant cell growth was observed in the MTT
in vitro test, while the highest cell viability was related to BG-5P. The
results offer this bioactive glass as a promising material for repairing
bone defects.
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